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Efﬂorescent nanophases (NPs) are found as a transitory accumulation of potentially hazardous elements (PHEs),
particularly in tropical climates. The central objective of this study was to investigate the distribution of PHEs
with NPs through the evaporative formation structures (EFS) of enormously PHEs-rich coal-mine drainages
(CMD). The EFS were studied in natural coal mine drainage for ﬁve months in order to determine their
geochemical and ecological structures and to assess their position in the reduction of PHEs in nature. The largest
coal-ﬁred power plant in South America, located in south Brazil, is used as an example of such a problem. In this
work, a novel methodology for the analysis of PHEs in CMD precipitates is proposed for this affected coal area.
The analytical method, combining X-Ray Diffraction (XRD) and advanced electron microscopies, shows the
importance of nanomineralogy in understanding different circumstances of coal contamination. Several ultraﬁnenanoparticles (UNPs) were identiﬁed in the sampled soils and river sediments together with the PHEs. A decrease
in PHEs was identiﬁed in association with UNPs. However, further investigations are required with regard to the
mobility of PHEs in water, atmosphere, soils, and sediments. The EPS was thoroughly studied, acquiring suitable
understanding with investigational facts for Ca and Fe-sulphates, pickeringite, and several amorphous phases.

1. Introduction
Coal industries are considered to be of great concern in cases where
the mining projects are close to residential and farm zones (Ribeiro et al.,
2010; Saikia et al., 2018). Typically, coal mines release a high volume of
NPs (Hower et al., 2013); hazardous gases; volatile organic compounds
(VOCs); and PHEs including As, B, Cd, Cr, Hg, Pb, Se, several organometallic complexes, and several other vapor constituents (Silva et al.,
2011a, 2011b, 2011c). The expansion of coal industries intensiﬁes the
release of PHEs to the ecosystem (Quispe et al., 2012; Cavallo and
Rimoldi, 2013), affecting human health, surrounding areas (Yang et al.,
2014), and the economy (Dvorak et al., 2018).
Sulphates, hydr/oxysulphates, selenates and various amorphous
alluminumsilicates forming efﬂorescences evaporates (as an effect of
H2O losses by severe evapoconcentration in the dry season) can be produced from the alterations of sulphide rejects varying with the coal reject
conﬁguration and environmental conditions (Oliveira et al., 2018).

While the adsorption of PHEs by aluminum phases (minerals and/or
amorphous compounds) from CMD has received less consideration
relative to the equivalent Fe3þ phases, Carrero et al. demonstrated a high
probability for basaluminite to adsorb As and Cu. This phase has also
been identiﬁed as a sink of Cu and rare earths elements.
Few authors have studied the sedimentation and leaching of the
efﬂorescence compounds in CMD systems and the investigation of such
developments under natural circumstances in the coal mine area has
been the objective of only a few studies (Hammarstrom et al., 2003;
Nordin et al., 2018; Basallote et al., 2019). Consequently, the main
objective of this study is to investigate the nanomineralogy of evaporative precipitation in the natural CMD systems in order to understand the
geochemistry of the PHEs apportioning among the solid compounds. The
scientiﬁc results acquired from this work were utilized to assess the
contamination quantity, dispersion, and geochemical portions of PHEs
from coal mining, and to help as a resource for estimating related toxicity
and ecosystem dangers. The goals of this study were as follows: (1) to
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Fig. 1. General CMDs location of the EPS sampling areas.

et al., 2011d,e) appear in the brightest areas of the identiﬁed image and
those with low atomic numbers in the dark-ﬁeld areas.

understand the NPs occurrence in the affected CMD using advanced
microscopic methods, (2) to determine the role of NPs along with PHEs in
water pollution around the coal mining and coal processing, and (3) to
assess the geochemical, nanomineralogical, and morphological phases of
the polluted sediments.

3. Results
Geographical features, such as climate and structure limitations, are a
vital part in the coal industry contamination at Santa Catarina state. The
rainfall amounts control the runoff capacity in a rainfall-recharged
catchment (Rodriguez-Iruretagoiena et al., 2016). Large amounts of
rocks are mined to remove the coal at mining locations. The coal is then
crushed into ﬁnely pulverized particles and treated with diverse reagents
to improve coal concentration. In rainfall incidents, an extensive number
of residues can be passed from the coal rejects on steep mountain areas
into the watercourse.
The XRD results obtained on EFS compounds from CMD showed that
the major phases in studied sampled were Al, Fe, Mg, and Mn-sulphates
(Figs. 2A and 3), selenates, and various amorphous alluminumsilicates.
However, in samples collected on rainy days other phases like quartz and
kaolinite (e.g. Fig. 2B) were detected by XRD and electron microscopy.
This indicates that the rain transports a lot of soil into the sampled CMD,
incorporating minerals that are not part of the EFS formation. By electron
microscopy, several major phases were detected as un-weathered euhedral minerals, in relicts exhibiting oxidized margins, and as totally
weathered minerals that conserved their typical form. The yellowish
minerals (e.g. hematite, jarosite-group phases) and amorphous phases
materialized in concentric groups presenting mud-cracks (Nordin et al.,
2018). The investigations using FE-SEM/EDS delineated morphology,
organizational distribution, and elemental geochemical structure of the
detected particles in the studied CMD, are related to PHEs. The FE-SEM
and EDS analyses and the mapping of PHEs in the CMD corroborate
that Cr is mostly positioned in speciﬁc zones of the soil, whereas Ni, Fe,
and S are dispersed homogeneously. The SAED/EDS analysis validates
the occurrence of clay nanoparticles and several amorphous Fe hydroxides/oxides correlated with these elements. When elemental maps of the
ﬁne particles were analyzed (e.g. Fig. 4B) together with PHEs, not only
were the high-intensity indicators conﬁrmed but also that they were

2. Analytical procedure and samples collection
Efﬂorescent CMD sediments areas in the mine in Santa Catarina State,
Brazil (Fig. 1) were randomly selected depending on the access to the
representative stream of discharge. Sampling from the creek or river was
collected before and after the point of the mine discharge. In this work,
metallic materials were not used in order to not interfere with the
chemical composition of the material under study (Dalmora et al., 2016).
Sixteen CMD sediment samples were collected weekly (384 samples in
total in the 6 months with less rainfall of the year) using a plastic dredge
in non-metallic containers. The details of sediments and surface soils
have previously been reported by our group for the same study area
(Rodriguez-Iruretagoiena et al., 2015; Sanchis et al., 2015). The particles,
minerals, and rock samples used as standards were either synthetic or
natural (Rodriguez-Iruretagoiena et al., 2016; Saikia et al., 2016).
A Bruker X-ray diffractometer (model D8 DISCOVER) with NAPLOCK X-ray optics was used to examine samples mineralogy (Ramos
et al., 2017). Working conditions were as follows: slit ﬁxed at 12 mm, Cu
Kα monochromatic radiation, 20 mA current at 40 kV. Samples were
scanned at a speed of 0.3 2θ/min (5 –65 ). The UNPs samples with
mixed compounds were studied by X-Ray Diffraction (Ribeiro et al.,
2010) and advanced electron-beam (high-resolution transmission electron microscope, HR-TEM, 200 kV) prepared with a ﬁeld emission (FE)
cathode and an energy omega ﬁlter for high accuracy of the assembly and
atomic arrangement, fast Fourier transform (FFT), microbeam diffraction
(MBD), selected area electron diffraction (SAED), scanning transmission
electron microscopy (STEM), and energy-dispersive X-ray spectroscopy
(EDS) (Oxford Instruments INCA 4.09 software; and ﬁeld emission
scanning electron microscopy [FE-SEM]) (Ribeiro et al., 2010; Quispe
et al., 2012). The chemical components with high atomic numbers (Silva
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Fig. 2. White/blue EPS formation with gypsum and pickeringite minerals.

situation that poses dangers to water and living creatures (Gasparotto
et al., 2018; Le
on-Mejía et al., 2018; Nordin et al., 2018).
The mineralogic composition of EFS compounds from CMD reﬂects
the geochemical composition of water in contact with abandoned coal
cleaning rejects in mining areas. Previous studies (Silva et al., 2013;
Rodriguez-Iruretagoiena et al., 2016; Nordin et al., 2018) show that the
CMD water and coal-mining-area rivers can vary in composition daily,
making the composition of the sampled EFS highly complex and variable,
however the main minerals were pickeringite (Fig. 2A), gypsum
(Fig. 2B), alunogen, melanterite, jarosite, copiapite, hexahydrite, rozenite, clinochlore (Fig. 3), and several amorphous phases. Many similar
phases have been recognized among the main evaporitic sulphate minerals in acid-mine-drainage environments (Basallote et al., 2019).

situated in a similar zone. Fig. 3 illustrates traditional sampled CMD
sediments where there were no coal ﬁnes (especially from spills from coal
industry), while Fig. 4A illustrates the sampled CMD sediments where
coal ﬁnes exist. For a better discussion of the results, the following
sub-topics clearly illustrate the geochemistry of sampled CMD sediments.
3.1. Traditional EFS mineralogy
The characteristics of the sediment imposed the leachability features
of the minor hazardous elements, involving aluminum-silicate, cation
mobility capability, buffer facility, and organic matter concentrations.
Many works have described that overbank sediments polluted with PHEs
are the origin for the PHEs in water and can result in a derived pollution
3
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Fig. 3. Typical white/red EPS area with examples of XRD and FE-SEM results examples.

these elements are present with evaporative efﬂorescent minerals is the
solubilization of clays present in coal cleaning rejects. As reported by
some coal and coal cleaning rejects (Oliveira et al., 2012, 2013, 2018),
coals and coal cleaning rejects in Santa Catarina contain clays that
contain such elements and which are associated with phosphates such as
monazite.
Iron-sulphate compounds (e.g., amorphous phases, rozenite and
melanterite) would exist in a complex relationship with As, Cr, Cd, Pb, Sc,
and U. The EPS may vary and will be examined in detail in future studies.
The conﬁguration and mobility of efﬂorescent secondary compounds
have numerous ecological inferences because the mobility of these
compounds can provoke PHEs leaching in the recipient rivers waters.
Consequently, from the obtained data it is theorized that the mobilization
of the Fe-soluble compounds may produce an important intensiﬁcation in
iron and PHEs, and to a lesser degree, Mn, Cd, or Sc in the river waters. In
addition, the leaching of Al and Mg sulphates may produce increased
concentrations of PHEs. The proportions of Zn, Cd, and Pb in efﬂorescent
secondary compounds were more abundant than its background content,
indicating that these elements in the sampled samples transfer to the
abundant layer. Element ratios can offer evidence about the presence of
chemical controllers on the proportions of PHEs in CMD. Zinc, Cd, and Cu
can be linked to melanterite particles in the studied CMD sediments. The
highest Cu/Zn ratio is observed in the typical EPS sediments. A strong
periodic propensity of As augmentation over V is detected in the sampled
CMD, as showed by the higher As/V ratios; designating an upper
adsorption of As over V in Fe minerals.

Consequently, a special sedimentation of Al, Fe, and Mg sulphates was
detected. This favorable major mineral crystallization of Al and Mg over
Fe EPS is connected to the greater proportion of these elements with
respect to Fe in the CMD system. In this context, an amalgam of Fe2þFe3þ,
and Fe3þ-sulphates is usually created on CMD-disturbed riverbanks,
sedimented from Fe-concentrated waters with pH values oscillating from
2 to 4 (Silva et al., 2013).
Studied EFS compounds were formed by water þ oxygen alterations
of sulphide and carbonate minerals from coal-cleaning rejects. The secondary compounds formed in the studied CMD may play a central role in
mitigating PHEs (e.g., As, Cd, Ce, Cr, Hg, La, Pb, Sb, Se, Th, and many
others, e.g. Figs. 2 and 3). Moreover, goethite, gibbsite, hematite, jarosite, and many other Al/Fe-secondary phases were considered ecologically signiﬁcant because As, B, Cd, Co, Cr, Hg, Mo, Ni, Pb, Se, V, and U
may be incorporated in their structure (Oliveira et al., 2012); adsorption
may result in the combination of PHEs ions in the structure of several
compounds (amorphous and minerals). This development, usually
recognized as co-precipitation, can disturb the mobility of cations in acid
environments. Such mechanisms in EPS may reveal the general character
in the geomobility of PHEs in the studied CMD structures as it has been
established that diverse compounds accumulate dissimilar PHEs.
Consequently, the creation and dissolution of these very mobile compounds have an important role in PHEs cycling in Brazilian CMD assemblages and in their toxicity (Nordin et al., 2018).
The high combined occurrence of Al and Mg, S, O, Zn, Co, V, Ni, and
rare earth elements (REEs) in the CMD waters can be detected by FIB/FESEM/EDS and HR-TEM/SAED/EDS. The probable explanation for why
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3.2. EFS mineralogy in CMD sediment with coal ﬁne
In Brazil, due to the lack of energy produced by hydroelectric plants
(short-term situation, like a drought), the government promotes the
generation of energy by coal-ﬁred power plants, causing more coal to be
produced. Therefore, evaporative precipitation of efﬂorescent compounds from CMD was collected where there were such impacts. In
addition to the excess of coal ﬁnes, sulphides, carbonates, clays, quartz,
oxides, sulphates, and several amorphous phases were also detected. The
mineralogy of CMD sediments with coal ﬁnes (see black color by Fig. 4A)
may be a important absorption for mitigating hazardous compounds (i.e.
As, Pb, Cr; Fig. 4B). Ultra-ﬁne pyrite (Fig. 4B), and Al- and Fe-sulphates
were ecologically signiﬁcant because B, Cd, Co, Hg, Mo, Ni, Se, and U
may be integrated within their conﬁgurations. Similar results were reported in other studies (Ribeiro et al., 2010; Oliveira et al., 2012; Silva
et al., 2010).
In CMD impacted by coal ﬁnes the most abundant phases were
organic matter and complex amorphous phases (Fig. 5A) that are associated with the most abundant EPS minerals (pickeringite, gypsum,
alunogen, melanterite, jarosite, copiapite, hexahydrite, rozenite, and
clinochlore). Jarosite, which contains PHEs (Fig. 5B), is a secondary
mineral, resulting from Fe-sulphides rejects from coal-cleaning. Typically, these Fe phases occur as over-growths on iron sulphide phases
(Murciego et al., 2019). Hydronium jarosite is considerable more
leachable than the Fe-bearing phase (Welch et al., 2018), and consequently, a less effective reservoir for As and Se. Another sulphate created
in weathered sulphidic coal mine rejects, moderately frequently linked
with jarosite phases, was schwertmannite (a metastable mineral).
Equally, the occurrence of Fe compounds was abundant in sulphidic coal
mine rejects sediments containing As–Se-sulphides with secondary neoformed Fe-phases (minerals and amorphous compounds).
An Al–Fe–O–Si rich substance having several combinations of single
minerals of Fe-hydroxides with goethite, maghemite, and other secondary complex minerals and amorphous phases was observed (Civeira et al.,
2016). In this work, large portions of magnetite and units of Fe sulfates

Fig. 4. (A) Illustration of EPS and (B) FIB-SEM/EDS mapping analysis of
nanopyrite grains containining As and Pb, and amorphous Al–Si-phases
contain Cr.

Fig. 5. FIB/FE-SEM and HR-TEM images of (A) Amorphous phases and pickeringite assemblage, (B) Jarosite containing hazardous elements and (C) carbon nanotubes.
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4. Conclusions
An overall order of special assimilation of Ca ≫ Mg > Al > Fe into the
efﬂorescent compounds was recognized for the highest rich PHEs, a
special order of integration of minor PHEs into secondary minerals was
proposed as follows: As  Pb > Cr > Sr > V > REE > Ni > Cf  U  > Co
 Zn > Cu > Mn  K  Na  P. An in-depth analysis of fresh sediments
was done by determining geochemical composition by several advanced
analytical procedures. In addition, future work can better deﬁne geotoxicological associations between the contaminants of river sediments
that affect human health. Additional work should consider the adsorption and fractionation of hazardous elements in CMD.
Cumulative sampling density will be an indispensable technique for
reﬁning the accuracy of calculating coal mining contamination in future
work. This study provides a investigation of the interfaces between surface CMD, PHEs, nanomineralogy, and lithologic material specifying a
consistent scheme for analyzing coal mining contamination at coal
catchments.
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